A genetically engineered microorganism, Pseudomonas putida PPO301(pRO103), and the plasmidless parent strain, PPO301, were added at approximately 107 CFU/g of soil amended with 500 ppm of 2,4-dichlorophenoxyacetate (2,4-D) (500 ,ug/g). The degradation of 2,4-D and the accumulation of a single metabolite, identified by gas chromatography-mass spectrophotometry as 2,4-dichlorophenol (2,4-DCP), occurred only in soil inoculated with PPO301(pRO103), wherein 2,4-DCP accumulated to >70 ppm for 5 weeks and the concentration of 2,4-D was reduced to <100 ppm. Coincident with the accumulation of 2,4-DCP was a >400-fold decline in the numbers of fungal propagules and a marked reduction in the rate of CO2 evolution, whereas 2,4-D did not depress either fungal propagules or respiration of the soil microbiota. 2,4-DCP did not appear to depress the numbers of total heterotrophic, sporeforming, or chitin-utilizing bacteria. In vitro and in situ assays conducted with 2,4-DCP and fungal isolates from the soil demonstrated that 2,4-DCP was toxic to fungal propagules at concentrations below those detected in the soil.
Genetically engineered microorganisms (GEMs) may eventually be used in the bioremediation of contaminated soil systems. The potential benefits of introducing any microorganism must be balanced against its ability to alter microorganism-mediated ecological processes in soil. Methodologies that have been developed for studying the effects of GEMs on some of these processes (9a) were used to study the effects of genetically engineered Pseudomonas putida PP0301(pRO103) in the presence of 2,4-dichlorophenoxyacetate (2,4-D) on some microorganism-mediated ecological processes and microbial populations in an aridic soil. Plasmid pRO103 encodes for the degradation of 2,4-D to 2-chloromaleylacetate ( Fig. 1) (9, 12, 31) and was derived from plasmid pJP4 (8, 9) by the insertion of the tetracycline resistance transposon TnJ721 (1) and a subsequent deletion of a tfdR regulatory gene (13) . The deletion of the tfdR gene resulted in the constitutive expression of plasmid pRO103.
The efficacy of remediating soils contaminated with 2,4-D, using PPO301(pRO103), was demonstrated by the application of this GEM to an agricultural soil (25) . PPO301 (pRO103) cannot utilize 2,4-D as a sole source of carbon and energy, and the GEM exhibited no increase in survival in the presence of 2,4-D relative to the parental strain, PPO301.
Apparently the glyoxylate moiety, cleaved from 2,4-D during the formation of 2,4-dichlorophenol (2,4-DCP), did not supply adequate carbon to alter the survival of the GEM. Moreover, 2,4-D was completely degraded with no accumulation of 2,4-D metabolites, suggesting that the plasmidencoded degradative pathway was functioning and that the terminal product of the plasmid-encoded degradative pathway, 2-chloromaleylacetate ( Fig. 1 indigenous microbiota. Based on these studies, it appeared that PPO301(pRO103) was an ideal candidate GEM for eventual field trials, as it initiated the degradation of 2,4-D but derived minimal energy or competitive advantage from this and, hence, would probably not persist in soil after 2,4-D had been degraded. The purpose of the current study was not only to determine the potential of using this GEM to remediate a chemically-contaminated soil, that was very different from the agricultural soil, but also to determine whether the application of the GEM would result in any ecologically significant effects in the presence of 2,4-D.
In the present study, PPO301(pRO103) and PPO301 were introduced into an uncultivated aridic soil amended with 2,4-D. The degradation of 2,4-D occurred only in soil inoculated with the GEM, indicating that the indigenous microbiota of this soil was not capable of degrading this xenobiotic. Concurrent with the degradation of 2,4-D, a metabolite accumulated and the numbers of fungal propagules and the rate of respiration declined. However, fungi and respiration were not depressed in 2,4-D-amended soil inoculated with the parental strain, PPO301, suggesting that a GEM-derived metabolite was toxic. After identifying the GEM metabolite as 2,4-DCP, the subsequent objectives of this study were to assess the ability of laboratory-based methods to detect the effects of 2,4-DCP, relative to the effects of 2,4-D, on some microorganism-mediated ecological processes and microbial populations in soil and to determine the toxicity of 2,4-DCP to representative fungi. Results of the impact of this GEM, in the absence of 2,4-D, on other soil processes will be reported elsewhere (9b).
MATERIALS AND METHODS
Bacterial strains and culture conditions. Strains of P. putida PPO301 are resistant to nalidixic acid (500 ,ug/ml) and (8, 11, 31).
were derived from P. putida PP0300 (ATCC 17514) (25) . PPO301 cannot degrade 2,4-D, but plasmid pRO103 codes for the degradation of 2,4-D to 2-chloromaleylacetate ( Fig. 1 ) and for resistance to mercury (Hg) and tetracycline (13 Soil preparation and incubation conditions. Soil was removed from greenhouse flats, sieved through a 2-mm mesh screen, adjusted to the -33-kPa water tension (22) , and amended with 500 ,ug of 2,4-D (analytical grade; Aldrich Chemical Co., Milwaukee, Wis.) per g (500 ppm) of soil, oven-dry equivalent, 500 ppm of 2,4-D plus 1% (wt/wt) glucose, or 1% glucose, or left unamended. The water content of the soil was equilibrated at 4°C for 2 days, with mixing daily, before inoculation with approximately 107 CFU of either PPO301 or PPO301(pRO103) per g of soil, oven-dry equivalent, or left uninoculated. Subsamples of soil (50 g, oven-dry equivalent) were placed into individual 100-cm3 vials and incubated in a master-jar system, as described elsewhere (29) . The master-jar system consisted of 1-gal (ca. 3.8-liter) glass containers that were closed with large (no. 15) butyl rubber stoppers containing tubes for air flow in and out of the system. Each jar held nine vials and was continuously flushed with C02-free water-saturated air. The respired CO2 was continuously trapped in NaOH and periodically measured titrimetrically. At each sampling, the rubber stopper was removed, subsamples of soil were removed, and the system was resealed. There were three master-jars (27 vials) per treatment.
Microbial analyses. Soil (10 g) from the vials was serially diluted and inoculated on appropriate medium for the enumeration of total bacteria (soil extract agar containing 100 j,g of cyclohexamide per ml) (34), sporeforming bacteria (soil extract agar after heating dilutions at 80°C for 10 min) (17), chitin degraders (powdered chitin agar) (14) , and fungi (Martin's agar) (19) . The numbers of sporeforming and chitin-utilizing bacteria were examined, as they were the predominant bacterial types present in the Millican soil in preliminary evaluation of the microbiota. The most frequently observed colonial types of fungi were subsampled to obtain five cultures of representative indigenous fungi.
These fungal cultures were transferred to fresh Martin's agar. After several additional transfers, to confirm the maintenance of the individual morphotypes, the fungi were assayed for their sensitivity to various concentrations of 2,4-DCP.
The survival of PPO301 and PPO301(pRO103) was determined by plating soil dilutions on tryptone nutrient agar plus nalidixic acid (500 ,ig/ml) (21) . The maintenance of plasmid pRO103 was determined by plating at least 40 isolates from tryptone nutrient agar plus nalidixic acid on brain heart infusion agar plus Hg (25 jig/ml) (25) . At the end of the experiment, the presence of the plasmid was confirmed by DNA extraction from eight colonies and visualization on an agarose gel, using a modification (15) of the technique described by Birnboim and Doly (6) . The purified plasmid DNA was digested with BamHI, HindIII, and EcoRI endonucleases (Bethesda Research Laboratories, Bethesda, Md.), and the restriction patterns were compared with those of a standard purified sample of plasmid pRO103.
Assays of enzymes, metabolic activity, and pH. The activities of dehydrogenases and acid and alkaline phosphatases were determined by incubating soil mixed with the appropriate substrate, followed by extraction and spectrophotometric determination of the enzyme products, as described by Tabatabai (32 (Fig. 2A) . The rate of degradation of 2,4-D was greatest during the first 10 days of incubation, when the concentration of 2,4-D decreased to <200 ppm. By day 53, the concentration of 2,4-D in the soil had decreased to <100 ppm. Simultaneous with the degradation of 2,4-D was the accumulation of a 2,4-D catabolite, identified as 2,4-DCP (Fig. 2B) . No 2,4-DCP was detected in 2,4-D-amended soil inoculated with the parental strain, PPO301, or in the uninoculated soil. The limits of detection of 2,4-DCP was approximately 12 ppm, and the base-line 2,4-DCP concentration in soil inoculated with PPO301 indicates this detection limit (Fig. 2B) . The concentration of 2,4-DCP increased during the first 10 days and remained above 70 ppm for the next 5 weeks (Fig. 2B) . No other catabolic intermediates of 2,4-D were observed in soil amended with 2,4-D and inoculated with the GEM, the parental strain, or not inoculated. Presumably the glyoxylate moiety, produced as a byproduct of the degradation of 2,4-D, was metabolized by the GEM and the indigenous microbiota. The extraction efficiencies for 2,4-D and 2,4-DCP from the aridic soil, in independent extractions from soil samples spiked with various concentrations, were 66 and 25%, respectively. This extraction efficiency varied <3% among three experiments. Plotted values are corrected for the extraction efficiency (Fig. 2) .
In unamended soil inoculated with PPO301(pRO103), the number of fungal propagules decreased to below detection (approximately 104 CFU/g of soil) after 53 days (Fig. 3A) . However, in 2,4-D-amended soil inoculated with the GEM, the number of fungal propagules decreased from >3 x 106 CFU/g on day 6 to nondetectable levels by day 18, without a detectable recovery by day 53 (Fig. 3B) . In contrast, the number of fungal propagules in 2,4-D-amended soil inoculated with the parental strain, PPO301, remained at approximately 3 x 106 CFU/g of soil by day 53 (Fig. 3B) . The decrease in fungal propagules in 2,4-D-amended soil inoculated with the GEM was coincident with the accumulation of the GEM metabolite, 2,4-DCP. The toxi,ity of 2,4-DCP to fungi, relative to the toxicity of 2,4-D, was demonstrated in in vitro toxicity tests with fungal isolates from the unamended and uninoculated soil ( Table 1 ). The growth of one fungal isolate was completely inhibited by 10 ppm of 2,4-DCP, and 50 ppm of 2,4-DCP, a concentratiqn below that which accumulated in this soil, inhibited the growth of the other four isolates. In contrast, 200 ppm of 2,4-D only inhibited the growth of the isolates ( Table 1 ). The soil assay showed that 50 ppm of 2,4-DCP reduced the spread of the fungal isolates in sterile soil by 90 to 99%, and 100 ppm of 2,4-DCP inhibited spread ( Table 2 ).
The gross metabolic activity, expressed as milligrams of C evolved as C02, of soil amended with glucose plus 2,4-D and inoculated with PPO301(pRO103), was significantly lower during the first 32 days (P < 0.05) and delayed relative to the activity in uninoculated or PPO301-inoculated soil amended with glucose plus 2,4-D. This delayed rate of CO2 evolution was not observed in soil amended with only glucose and inoculated with PPO301(pRO103) (Fig. 4) . These results suggest that the accumulation of 2,4-DCP depressed the gross metabolic activity. However, the total amount of respired carbon reached the same level after 53 days (Fig. 4) .
The accumulation of 2,4-DCP and depressed gross metabolic activity was not due to lower total numbers of bacteria. The accumulation of 2,4-DCP did not appear to depress the numbers of total heterotrophic, chitin-degrading, or spore- The accumulation of 2,4-DCP also did not appear to affect the activity of alkaline and acid phosphatases, which were depressed in the presence of 2,4-D. However, the inhibition of the activity of dehydrogenases by 2,4-D was relieved as 2,4-D was degraded and appeared not be depressed while 2,4-DCP accumulated (9b).
The survival patterns of P. putida PPO301 and PPO301 (pRO103) in the presence of 2,4-D were similar during the course of the study and were not apparently affected by the presence of 2,4-D. The numbers of both strains declined initially and then fluctuated between 105 to 106 CFU/g of soil during the 53-day experiment. As with the total heterotrophic bacterial population, the numbers of PPO301(pRO103) did not appear to be affected by the accumulation of 2,4-DCP. The GEM maintained the entire plasmid, pRO103, throughout the 53-day study period, as determined by the reisolation of the plasmid from day 53 isolates and subsequent restriction patterns of endonuclease digests. DISCUSSION forming bacteria. After 6 days, prior to the observed accumulation of 2,4-DCP, the populations of total heterotrophic and chitin-degrading bacteria, in the presence of 2,4-D and the GEM, were approximately 107 and 3 x 105 CFU/g of soil, respectively. At the same time, the numbers of sporeforming bacteria were approximately 6 x 104 CFU/g of soil. By day 10, 2,4-DCP had accumulated to >80 ppm and the numbers of total heterotrophic, chitin-degrading, and sporeforming bacteria were approximately 3 x 107, 3 x 105, and 6 x 104 CFU/g of soil, respectively (9b). ' The colony formation on each medium, relative to the number of colonies recovered on unamended medium, for each fungal strain is reported. Each value is a mean of three values.
Two conclusions can be derived from this study: (i) intermediary products resulting from the catabolic transformation of a compound by a GEM can have a significant ecological effect in soil; and (ii) the methodologies used were appropriate to detect changes in microbial populations and microorganism-mediated ecological processes in soil caused by both biological and chemical perturbations.
P. putida PPO301(pRO103) degraded 2,4-D in the aridic soil without any apparent increase in its survival relative to the parental strain, PPO301. However, in contrast to several other soil types (2, 3, 11, 23, 25) , the microbiota indigenous to the aridic soil did not degrade 2,4-D, and degradation occurred only in soil inoculated with PP0301(pRO103).
Based on the results obtained in an agricultural soil (25) , the accumulation of the GEM metabolite 2,4-DCP was not anticipated. The degradation of 2,4-D by the pathway encoded on plasmid pJP4, the source of plasmid pRO103, is known to proceed through 2,4-DCP, with the eventual production of 2-chloromaleylacetate (9, 12; Fig. 1 ). Transient accumulation of 2,4-DCP was observed in liquid cultures of an Arthrobacter sp. (18), a Pseudomonas sp. (10) , and Alcaligenes eutrophus JMP134(pJP4) (24) . Smith (28) suggested that the degradation of 2,4-D in soil may result in the formation of 2,4-DCP, but he concluded that 2,4-DCP would not collect, due to its volatility, under field conditions. The results of the present study showed that 2,4-DCP accumulated in the aridic soil and persisted at >70 ppm for over 5 weeks (Fig. 2B) .
Kaphammer et al. (16) , studying the mechanisms of gene regulation in plasmid pJP4, found that plasmid pRO103 constitutively expresses not only tfdA (13) , but also tfdC, tfdD, tfdE, and tfdF gene products, as the result of the deletion of the tfdR regulatory gene. Therefore, in plasmid pRO103, all of the catabolic genes involved in the degradation of 2,4-D to 2-chloromaleylacetate are expressed constitutively except tfdB. The tfdB gene, which codes for 2,4-DCP hydroxylase, is regulated by the product of another gene. The conversion of 2,4-D to 2,4-DCP by the oxygenase (Fig. 1) presumably proceeds rapidly. However, the subsequent conversion of 2,4-DCP is a "bottleneck" in the plasmid-encoded degradative pathway and would proceed only after the period of time required for induction of the tfdB gene. In a previous study (25) , the bioconversion of 2,4-D by PPO301(pRO103) did not result in the accumulation of 2,4-DCP, probably because the indigenous microbiota was also capable of degrading 2,4-D. However, this bottleneck in the bioconversion was evident in the present studies with a soil harboring a microbiota that was unable to degrade 2,4-D.
Previous studies have demonstrated that 2,4-DCP is more toxic than 2,4-D. In continuous and batch cultures, a Pseudomonas sp. able to use 2,4-D as a sole source of carbon was not inhibited by 2,000 ppm of 2,4-D, whereas 25 ppm of 2,4-DCP inhibited its growth (33) . The growth of another 2,4-D degrader, A. eutrophus JMP134(pJP4), was completely inhibited by 300 ppm of 2,4-DCP (24) . The fungi Trichoderma viride, Mortierella isabellina, and Saprolegnia parasitica were 8 to 35 times more sensitive to 2,4-DCP than to 2,4-D, with 10 to 50 ppm of 2,4-DCP being equal to one-half the lethal dose (4), similar to concentrations that inhibited the growth of the fungi in the aridic soil and below the concentration of 2,4-DCP that accumulated in the 2,4-Damended soil inoculated with the GEM. The numbers of fungal propagules in the aridic soil (Fig. 2B) , as in other studies, were transiently depressed (26) or transiently increased (7, 23, 27) in the presence of 2,4-D. The numbers of fungal propagules remained high in 2,4-D-amended soil when 2,4-DCP did not accumulate, again demonstrating the high toxicity of 2,4-DCP, relative to 2,4-D, to fungi. In contrast, 2,4-D did not show an apparent deleterious effect on bacterial populations (9b).
The eventual decline in 2,4-DCP (Fig. 2B) suggests that the complete plasmid pathway was induced and that 2,4-DCP was converted by the GEM to 2-chloromaleylacetate (Fig. 1) . The accumulation of 2,4-DCP was not stoichiometric with the disappearance of 2,4-D, and most of 2,4-DCP was eventually degraded.
The results of this study demonstrate the need to evaluate
GEMs on a case-by-case basis in the specific system to which they will be applied in the field. The methodologies used in this study were 
